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dOS EXPRESSION IN THE BRAINS OF RATS PERFORMING AN
TTENTIONAL SET-SHIFTING TASK
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bstract—Impairments in executive function and cognitive
ontrol are a common feature of neuropsychiatric and neu-
odegenerative disorders. A promising behavioral paradigm
or elucidating the neural mechanisms of executive function
s extradimensional/intradimensional (ED/ID) shifting, which
laces demands on executive function by requiring the ad-
ustment of behavioral responses based on affective or at-
entional information. To augment the understanding of the
rain systems required for these aspects of executive func-
ion, we examined the induction of Fos protein in rats tested
n the ED/ID paradigm. We found increased Fos-like immuno-
eactivity (Fos-LI) in several cortical areas, including medial
nd orbital frontal cortex (OFC), in rats performing affective
r attentional shifts relative to rats performing control dis-
riminations. However, increased Fos-LI was also present in
ats that performed a yoked number of additional control
iscrimination trials, without affective or attentional shifting.
hese observations suggest that cortical networks required
or affective and attentional shifting are also activated during
omparable discrimination tasks that do not require shifting,
onsistent with a role for these networks in monitoring on-
oing behavior even in situations in which adaptation to
hanging behavioral demands is not required.
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Open access under CC BY licehe ability to direct attention towards relevant and away
rom irrelevant stimuli in the environment is a core compo-
ent of executive control mechanisms in cognition. An-
ther is the capacity to flexibly alter associations between
timuli, actions, and reinforcers, so that when reinforce-
ent contingencies change, behavior changes in parallel.
hese two processes, referred to as “attentional” and “af-
ective” shifting, respectively, are dependent on different
rontal cortex subregions (Dias et al., 1996; Birrell and
rown, 2000; McAlonan and Brown, 2003; Bissonette et
l., 2008), plus other cortical regions (Oswald et al., 2001;
ox et al., 2003) and specific neuromodulatory systems,
articularly noradrenaline (Lapiz and Morilak, 2006; Tait et
l., 2007; McGaughy et al., 2008). Impairments in atten-
ional and affective shifting, as well as in other aspects of
xecutive function and cognitive control, are common to
any neurodegenerative and neuropsychiatric disorders,
ncluding Parkinson’s disease, schizophrenia, and obses-
ive-compulsive disorder (Owen et al., 1992; Veale et al.,
996; Weickert et al., 2000).
Affective and attentional shifting can be assessed in a
ehavioral protocol involving discrimination between pairs
f discriminanda composed of two or more sensory dimen-
ions (e.g. color and shape) presented in sequence. Dif-
erent discriminations are presented, using novel stimuli for
ach, in which the same sensory dimension is relevant for
olving the discrimination, establishing an “attentional set”
o one of the sensory dimensions through this series of
ntradimensional (ID) shifts. Once learned, the reward con-
ingencies may be reversed, to assess affective shifting as
he efficiency of learning the discrimination reversal. Atten-
ional shifting is tested by presenting new discriminations
n which the relevant dimension changes from previous
iscriminations, referred to as an extradimensional (ED)
hift. In ED shifts, the subject must attend to elements of
he previously-irrelevant dimension to solve the discrimi-
ation while ignoring the components of the previously-
elevant dimension. Critically, in these discriminations all
timuli are novel, so that slower acquisition of ED shifts
elative to ID shifts reflects a demand on attentional pro-
esses rather than a tendency to respond to previously-
ewarded stimuli.
Event-related functional imaging studies have demon-
trated activation of the lateral prefrontal cortex (PFC) in
uman and non-human primates during ED set-shifting
nd reversal learning relative to ID shifting (Konishi et al.,
999; Rogers et al., 2000; Nakahara et al., 2002; Hamp-
hire and Owen, 2006). In addition, there is evidence of
istinct neural circuit activation, involving a cortico-basal
anglia loop and an occipito-temporal pathway, during ED
nse.
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K. E. Burnham et al. / Neuroscience 171 (2010) 485–495486et-shifting (Rogers et al., 2000; Monchi et al., 2001).
owever, limited data are available about the pattern of
erebral activations during attentional and affective shifting
n rodents. Such data would complement existing lesion
ata in the ED/ID procedure, and may provide insights into
hether specific cell populations within cortical areas are
ngaged by attentional or affective shifting. To investigate
he neuroanatomical basis of attentional and affective shift-
ng in rodents, we measured expression of an immediate-
arly gene (IEG), Fos, that is associated with neuronal
ctivation and plasticity (Sagar et al., 1988; Dragunow et
l., 1989) after training rats on discrimination problems
oncluding with attentional or affective shifts. We expected
o find differential Fos-like immunoreactivity (Fos-LI) in
ortical areas identified on the basis of lesion studies, for
xample medial and orbital PFC, posterior parietal cortex
PPC) and entorhinal cortex, in rats that had performed an
ttentional shift compared to rats that had not.
We performed three experiments to test this hypothe-
is. All of these involved training groups of rats on a
equence of discrimination problems that was identical
etween the various groups, with the critical manipulation
resented in the final discrimination, given 90 min after the
eginning sequence. This was to allow induction of Fos in
esponse to discrimination training to return to baseline
evels, so that Fos protein determined at sacrifice would
rimarily reflect neuronal activity in response to the final
hase of discrimination learning. First, we compared Fos
xpression in the brains of rats whose final discrimination
as an ED shift to that in brains of rats whose final dis-
rimination was an ID shift (Experiment 1). Both groups of
ats therefore encountered novel stimuli in their final dis-
rimination, but one group had to shift attention to a new
timulus dimension to solve the problem efficiently and the
ther did not. As we point out in our discussion of these
esults, there is a limitation in this design in that rats find
he ID shift easier than the ED shift, so there is a difference
n the number of trials worked, rewards earned, and so
orth between rats in these groups. Nevertheless, this is
imilar in design to other studies that have examined gene
xpression in response to learning in these kinds of tasks,
here comparisons are made between gene expression at
he end of an earlier stage of training (the compound
iscrimination (CD)) to the ED shift (Glickstein et al., 2005;
eSteno and Schmauss, 2008). Thus, although there is a
otential weakness in the experimental design, this exper-
ment does allow us to compare Fos expression in re-
ponse to our behavioral training, using our methods for
os determination and quantification, to that observed in
ther studies.
A similar design was used to examine Fos expression
n response to reversal learning (Experiment 2). The de-
ign was identical to Experiment 1, except the final phase
as a reversal of the most recently-learned discrimination,
r a repeat of that discrimination problem without reversal
earning. In this experiment, because we were mindful that
repeat of the discrimination would involve no new learn-
ng, we chose to yoke the number of repeated trials of
ndividual rats in this group to those of rats in the group endergoing reversal learning. Experiment 3 was a replica-
ion of Experiment 1, but we included an additional group
f rats that underwent an ID shift in the final phase of
raining and completed a yoked number of trials to rats in
he ED shift group. This allowed us to address the potential
aw in the design of Experiment 1 (shared by all foregoing
tudies using this paradigm to investigate behavior-in-
uced gene expression).
As a secondary goal of this research, we used double-
abelling immunohistochemistry with Glutamic acid decar-
oxylase 67 (GAD67) to determine whether neurons acti-
ated by attentional set-shifting were GABA-ergic in na-
ure. Dysfunction of GABAergic neurons in the PFC,
pecifically reductions in the calcium binding protein parv-
lbumin and the GABA synthesising enzyme GAD67, have
een identified in patients with schizophrenia (Reynolds et
l., 2001; Volk and Lewis, 2002), and the resulting
ABAergic dysfunction may be an important contributor to
FC dysfunction and associated cognitive deficits (Lewis
t al., 2005). In rats, chronic intermittent administration of
hencyclidine reduced parvalbumin mRNA in the medial
refrontal cortex (mPFC; Pratt et al., 2008) and produced
eficits in attentional set-shifting (Rodefer et al., 2005;
ratt et al., 2008). These data suggest that a functional
ABA-ergic system may be important for attentional set-
hifting.
EXPERIMENTAL PROCEDURES
ubjects
dult male Lister hooded rats weighing 200–300 g at the start of
esting were group housed in a temperature and humidity con-
rolled environment (211 °C), lights on 0700–1900 h, with water
reely available. Before behavioral testing, all rats, including rats in
ontrol groups, were placed on a restricted feeding schedule and
aintained at 85–90% of their free-feeding weight throughout
xperiments. All studies were performed in accordance with the
erms of the UK Animals (Scientific Procedures) Act 1986, and its
ssociated guidelines, under the authority of personal and project
icences from the UK Home Office. All efforts were made to
inimize the suffering and number of animals used.
ehavioral testing
Apparatus. The test chamber consisted of a modified plas-
ic home cage (407018 cm3) with Perspex dividers separating
he cage into a large start chamber (4046 cm2) and two identi-
ally sized (2420 cm2) choice chambers to which access was
able 1. Example of a sequence of discriminations in the attentional
et-shifting paradigm
iscrimination Odour pair Medium pair
imple discrimination Cinnamon/cumin Bedding
ompound discrimination Cinnamon/cumin Cat litter/ground cat
litter
ntradimensional shift 1 Nutmeg/coriander Pebbles/gravel
ntradimensional shift 2 Mint/paprika Sawdust/shavings
xtradimensional shift Cloves/thyme Wax chips/ground
wax
Rewarded exemplars for a rat undergoing an odour to medium
xtradimensional shift are underlined.
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K. E. Burnham et al. / Neuroscience 171 (2010) 485–495 487ontrolled by removable Perspex doors. The digging bowls were
eramic (internal diameter 7 cm, depth 4 cm, Mason and Cash,
K) and were placed within the choice chambers. The bowls were
lled with digging media of different textures and the media were
cented with different herbs and spices (see Table 1 for exam-
les). The bowls were baited with Honey Nut Cheerios (Nestle,
urrey, UK), with ground up Honey Nut Cheerios mixed with the
igging medium to serve as an odour mask. During testing only
ne of the bowls was baited and rats were required to determine
hich of the two bowls was baited using either the texture of the
igging medium or the odour of the medium as cues.
Habituation. Rats were habituated to the apparatus over 5
ays, and taught to dig in the ceramic bowls filled with home-cage
edding to receive one quarter of a Honey Nut Cheerio. On the
ay before testing, rats performed two simple discriminations, one
ased on odour (lavender vs. lemon bedding) and one based on
edium (small clay particles vs. large clay particles), to a criterion
f six consecutive correct trials. This was to ensure that the rats
ould learn to discriminate between the two bowls to receive a
ood reward. The order of the training discriminations (odour and
edium) and the rewarded odour and digging medium were coun-
erbalanced, and the exemplars were not used again throughout
esting. Digging was defined as active digging with both front paws
r active foraging with the snout in the digging medium. Sniffing or
ouching the medium with the paws was not scored as a dig.
Testing paradigm. The ED/ID paradigm (Birrell and Brown,
000) had previously been used within this laboratory by Tun-
ridge et al. (2004). However, to examine the effects specific
lements of the paradigm on Fos protein expression, it was nec-
ssary to make a number of modifications. Firstly, the discrimina-
ions were arranged so that the discrimination of interest (e.g. ED,
D or reversal (Rev) discrimination) was at the end of the discrim-
nation series. Secondly, a 90 min break was introduced between
he first four discriminations and the final discrimination. During
his break rats were isolated in a dark room to which they had
een habituated previously. This was to ensure that, as far as
ossible, any changes in Fos expression observed were as a
esult of the final discrimination and not a result of the acquisition
f the first four discriminations. Because the effect of reversal
earning on Fos expression was to be examined, reversal discrim-
nations were excluded from the initial stages of the task to prevent
ny possible practice effect. An additional ID shift was introduced
o help reinforce the attentional set.
All the discriminations in the testing sequence were presented
n a single test day. The first four trials of each discrimination were
discovery” trials, during which the rat was allowed to dig in both
owls, regardless of where he first began to dig, to discover which
owl contained the reward. An error was recorded if the rat dug
rst in the unbaited bowl, but these trials were not included in the
rials or errors to criterion score. After the first four trials, if the rat
ug in the unbaited bowl, an error was recorded and access to the
orrect bowl was denied. The rat returned to the start chamber of
is own accord to start the next trial. Testing continued until the rat
eached a criterion of six correct consecutive trials.
The sequence of discriminations included a simple discrimi-
ation (SD) between either two odours or two digging mediums,
ollowed by a CD which had the same positive stimulus as the SD,
ut now also involved a new irrelevant dimension which was not a
eliable predictor of the location of the reward. This was followed
y two ID shifts, which were CDs in which both the relevant and
rrelevant stimuli changed, but the relevant dimension (either
dour or medium) remained the same. Depending on the group to
hich the rat had been allocated, there was then a third ID shift,
n ED shift or a reversal. In the ED shift, the relevant and irrele-
ant stimuli changed, but also the relevant dimension changed, so
f odour had previously predicted the location of the reward, now
igging medium would become the relevant dimension. In a Rev wiscrimination all of the stimuli remained the same as in the
revious discrimination, and the relevant dimension remained the
ame, but the rewarded and non-rewarded stimuli within the di-
ension were reversed. The particular sequence of discrimina-
ions, including the final discrimination, depended on the particular
xperiment, as follows:
Experiment 1: Two groups of rats (n8 per group) performed
series of discriminations in the following order: SD, CD, ID, ID2,
hen either ID3 or ED depending on the group to which they had
een assigned.
Experiment 2: Two groups of animals (n8 per group) per-
ormed the SD, CD, ID, and ID2 discriminations, then one group
erformed a discrimination in which the rewarded exemplars from
D2 were reversed (i.e. Rev discrimination), while the other group
epeated ID2 (IDrep, i.e. a repeat of ID2). It was important that the
xemplars were not novel in the IDrep discrimination since the
xemplars in the Rev discrimination were not novel. Once the
nimals performing the IDrep had completed six consecutive cor-
ect trials, they continued performing trials until they had com-
leted the same number as one of the animals performing the Rev
iscrimination. In this way, the IDrep group were yoked to the Rev
roup in terms of number of trials completed, to control for the
ffects of the number of trials performed on Fos expression.
Experiment 3: The third experiment was a replication of Ex-
eriment 1, except that a third group of animals were included
hich performed the ID3, but were yoked to the ED group in terms
f number of trials completed. This group is referred to as ID
oked (IDY).
An example of the odour and medium exemplars used as the
imensions to be discriminated are shown in Table 1. Each pair of
igging media were made from the same material to ensure that
he rats could not use odour to differentiate between digging
edia when texture was the relevant dimension. Assignment of
nimals to groups was random, but groups were counterbalanced
or the rewarded stimulus within a pair, shift direction at the ED
tage (odour to medium or medium to odour) and the sequence in
hich the animals encountered the pairs of stimuli.
After completion of the ID3/IDY/ED/Rev the rats were placed
n the dark environment for 120 min before being killed by barbi-
urate overdose and transcardial perfusion. In addition to the
nimals that underwent behavioral testing, additional groups of
age-mate controls were included in Experiments 2 and 3. These
ats had the same exposure to the dark environment as the rats in
he other conditions, but were behaviorally naive and remained in
heir home-cage before being transferred to the dark environment.
os immunohistochemistry
wo hours after completion of behavioral testing, animals were
eeply anaesthetized with pentobarbitone (300 mg/kg i.p.; Animal-
are Ltd., York, UK) and transcardially perfused with 0.9% saline
ollowed by 250 ml 4% paraformaldehyde in phosphate buffered
aline (PBS: 140 mM NaCl, 30 mM KCl, 80 mM Na2HPO4, 15 mM
H2PO4, in distilled water) with 0.4% picric acid. Brains were
emoved and postfixed overnight (4 °C), then incubated in 30%
ucrose over 48–72 h (4 °C). Free-floating coronal sections (40
m) were cut on a freezing microtome, the slices were then
reserved in cryoprotectant (PBS containing 24% glycerol (v/v)
nd 24% ethylene glycol (v/v) at 20 °C) and stored at 20 °C
ntil processing for immunohistochemistry.
For Fos immunohistochemistry, all sections were counter-
tained for GAD67 immunoreactivity to facilitate cell identification.
ections were washed in PBS, incubated in hydrogen peroxide
0.3%, 10 min), washed in PBS again, treated (30 min) with
tandard blocking serum (10% normal goat serum in PBS) then
ncubated overnight (4 °C) in mouse anti-GAD67 primary antibody
#MAB5406, Chemicon International, Hampshire, UK, 1:2000 di-
ution) in 10% NGS-PBS with gentle agitation. Sections were then
ashed in PBS and incubated (2 h) in goat anti-mouse biotinyl-
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K. E. Burnham et al. / Neuroscience 171 (2010) 485–495488ted secondary antibody (#BA9200, Vector Laboratories Ltd., Pe-
erborough, UK, 1:500 dilution). GAD67 immunoreactivity was vi-
ualized using a chromagen reaction to give a brown product
ABC Elite Kit and DAB kit, Vector Laboratories Ltd., Peterbor-
ugh, UK). Sections were washed in PBS before incubation (72 h
t 4 °C with gentle agitation) with rabbit anti-c-Fos primary anti-
ody (#sc-253, Santa Cruz Biotechnology Inc., Wiltshire, UK,
:2000 dilution), followed by goat anti-rabbit biotinylated second-
ry antibody (#BA1000, Vector Laboratories Ltd., Peterborough,
K, 1:500 dilution). Fos-like immunoreactivity (Fos-LI) was visu-
lized using a chromagen reaction to give a blue-black product
ABC Elite Kit and SG kit, Vector Laboratories Ltd., Peterborough,
K).
mmunohistochemical data collection
ounts of Fos-positive nuclei and Fos/GAD67 double-labelled
ells were taken from areas previously found to be involved in
ttentional or affective shifting. These included areas of the
PFC; mean counts from the prelimbic and infralimbic areas,
irrell and Brown, 2000), orbital frontal cortex (OFC, McAlonan
nd Brown, 2003), (PPC, Fox et al., 2003), entorhinal cortex
Oswald et al., 2001), and perirhinal cortex (PRh) as defined by
axinos and Watson (1997). The entorhinal cortex was further
ubdivided into the medial (ME), intermediate (IE) and lateral (LE)
reas as defined by Insausti et al. (1997) (Fig. 1). Fos immuno-
eactive cells were counted manually by an observer blind to
reatment, using a light microscope (Leitz Diaplan; 390280 m2
rid in eyepiece of 25 objective). Double-counting of the same
ell was minimized through the use of thin sections (40 m) and
on-consecutive section collection (every fourth section). Three
ilateral sections per brain region per animal were counted and
veraged to give number of Fos positive cells or the number of
os/GAD67 double-labelled cells per mm
2 of tissue. These meth-
ds were chosen based on those used by Aggleton and col-
eagues for IEG quantification (Shires and Aggleton, 2008; Poirier
nd Aggleton, 2009; Albasser et al., 2010). Because the number
f Fos/GAD67 double-labelled cells in Experiment 1 was very low
hese data were not analysed in subsequent experiments. Be-
ause we were interested in comparing relative levels of Fos
xpression within particular brain areas between different behav-
oral conditions, which we did not expect to alter size or number of
euronal nuclei, we did not employ stereological counting meth-
ds (see Saper, 1996 for further discussion of these methods).
tatistical analysis
n the behavioral experiments, all animals completed the first four
iscriminations in an identical manner, therefore the number of
rials taken to reach the criterion of six correct consecutive trials on
hese discriminations were analysed using a one way ANOVA with
epeated measures to ensure that all groups were performing
omparably. In experiments 1 and 2, the number of trials and
rrors taken to reach criterion on the ID3 and ED discriminations
nd the IDrep and Rev discriminations were compared between
ubjects using unpaired t-tests. In Experiment 2 the number of
rials and errors taken to reach criterion on the ID2 and the Rev
iscriminations were compared within subjects using a paired
-test. In Experiment 3, the number of trials taken to reach criterion
n the ID3, IDY and ED discriminations were compared between
ubjects using a one way ANOVA followed by Duncan’s post hoc
ests.
The total number of Fos positive cells per mm2 and the
umber of Fos/GAD67 double-labelled cells in seven brain regions
ere analysed according to the behavioral discrimination per-
ormed using a two-way ANOVA with repeated measures (be-
ween subjects factor: behavioral group, within subjects repeated
easure: brain region). Simple main effects were analysed and
uncan’s post hoc tests used where appropriate. Planned com- parisons based on a priori predictions were analysed using t-tests
one-tailed).
RESULTS
n all behavioral experiments there were no significant
ifferences between groups on the first four discrimina-
ions (F1; P0.2 in all cases) indicating that animals
ere matched across groups in terms of efficiency of
erformance.
xperiment 1
ats performing an ED shift during the final stage of Ex-
Interaural 12.20 mm
Bregma 3.20 mm
mPFC OFC
PPC
Interaural 5.20 mm
Bregma -3.80 mm
ME IE
LE
PRh
Interaural 2.70 mm
Bregma -6.30 mm
ig. 1. Diagrammatical representation of regions in which number of
os-positive cells were counted. mPFC, medial prefrontal cortex;
FC, orbital prefrontal cortex; PPC, posterior parietal cortex; ME,
edial entorhinal cortex; IE, intermediate entorhinal cortex; LE, lateral
ntorhinal cortex; PRh, perirhinal cortex. As defined by Paxinos and
atson (1997). For interpretation of the references to color in this
gure legend, the reader is referred to the Web version of this article.eriment 1 took significantly more trials to reach criterion
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K. E. Burnham et al. / Neuroscience 171 (2010) 485–495 489evels of performance than rats performing an ID shift
t(14)2.78; P0.05) (Fig. 2a). Rats also made more errors
n the ED shift than the ID shift, but this narrowly missed
eaching statistical significance (t(14)2.13; P0.051) (Fig.
b). Importantly, this validates the ED shift as a test of
hifting of perceptual attentional set (Birrell and Brown,
000) and confirms that the modifications to the discrimi-
ation paradigm—specifically the omission of reversals
nd a 90 min break before the final discrimination—did not
dversely affect the formation or retention of an attentional
et.
Fos-positive cell counts were higher overall in brain
egions sampled from rats that had performed the ED shift
elative to the ID shift. This difference appeared to be
agnified in some brain areas that are known to be critical
or ED shift performance. Overall, there was a significant
ffect of behavioral group on Fos positive cell counts
F(1,14)7.4 P0.01), and a significant effect of brain re-
ion (F 26.4 P0.01), but no significant behavioral
ig. 2. The number of trials taken (a), and number of errors made (b)
aradigm. Animals from each group performed identical discriminatio
ntra-dimensional shifts 1 and 2 (ID1 and ID2). During the final discrim
hift (ED). Data are expressed as meanSEM, n8. * P0.05, # P0
ell counts per mm2 tissue in the mPFC, OFC, ME, IE, LE, PPC and P
hich had performed EDs. Data are expressed as meanSEM, n8(6,84)
roup  brain region interaction (F(6,84)1.9 P0.09). Al- Ahough these data suggest that there was global activation
f all brain regions sampled, paired comparisons were
erformed in different brain regions to ascertain whether
tatistical significance was obtained in key regions of in-
erest, identified a priori on the basis of previous lesion
tudies (Birrell and Brown, 2000; Oswald et al., 2001;
cAlonan and Brown, 2003). Rats which had performed
n ED shift during the last phase of the task had signifi-
antly greater Fos-positive cell counts in the mPFC
F(1,14)9.14 P0.01), ME (F(1,14)4.77 P0.05) and IE
F(1,14)11.87 P0.01) compared with rats which had per-
ormed an ID shift (Fig. 2b). Differences in other brain
reas were not significant in pairwise comparisons (P
.13).
With regard to differences in the effect of behavioral
ask between brain areas, we were particularly interested
n the frontal cortex in which there is substantial neuropsy-
hological evidence that the mPFC is necessary for effi-
ient ED performance, whereas the OFC is not. A focused
criterion of six consecutive correct trials in the attentional set-shifting
hout simple discrimination (SD), compound discrimination (CD) and
nimals performed either a third ID shift (ID3) or an extra-dimensional
rent from ID3 (Student’s t-test). (c) The mean number of Fos-positive
nimals which had performed intra-dimensional shifts (ID3) or animals
5, ** P0.01 significantly different from ID3 (Student’s t-test).to reach a
ns throug
ination a
.051 diffeNOVA comparing Fos-positive cells in these two areas
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K. E. Burnham et al. / Neuroscience 171 (2010) 485–495490ndicated that the difference in Fos-positive cells between
D and ID conditions was greater for the mPFC than in the
FC. This analysis revealed effects of task and region, as
xpected, but critically an interaction of task and region,
(1,14)5.62, P0.033. Representative sections from the
PFC and OFC of an animal performing an ED shift and
n animal performing an ID shift are presented in Fig. 3.
There was no significant effect of behavioral group on
he number of Fos/GAD67 double-labelled cells (F(1,14)
.0; P0.1), but there was an effect of brain region
F(6,84)36.3 P0.01) and a behavioral group  brain
egion interaction (F(6,84)3.74; P0.01) (Table 2). Simple
ain effects demonstrated that the only brain region in
hich there was a significant effect of behavioral group
as the PPC, where rats which had performed an ED shift
ad a greater number of Fos/GAD67 double-labelled cells
han rats which had performed an ID shift (F(1,14)5.26;
0.05). The total number of Fos/GAD67 double-labelled
ells was very low, averaging only 3% of the total number
f Fos-positive cells across brain regions following both ED
ig. 3. Photomicrographs of mPFC (top) and OFC (bottom) section
iscrimination. The brown stain is GAD67-immunolabelling, and the bl
able 2. Colocalisation of GAD67 and Fos-like immunoreactivity in the
edial prefrontal cortex (mPFC), orbitofrontal cortex (OFC), medial
ntorhinal cortex (ME), intermediate entorhinal cortex (IE), lateral en-
orhinal cortex (LE), perirhinal cortex (PRh) and posterior parietal
ortex (PPC) of rats which had performed extra-dimensional (ED) or
ntra-dimensional (ID3) shifts in Experiment 1
rain region ED ID3
PFC 11.311.34 14.442.68
C 9.121.77 6.081.52
E 2.851.09 2.280.81
E 0.380.25 0.380.25
E 00 00
rH 11.401.72 7.221.37
PC 17.102.91* 9.121.91
Data are expressed as mean number of double-labelled cells per
m2 tissue  SEM, n8 per group.wP0.05 significantly different from ID3.nd ID discriminations, therefore these were not counted in
ubsequent experiments.
xperiment 2
ats took significantly more trials and made more errors to
earn the Rev discrimination than ID2 (t(7)7.3; P0.01
nd t(7)7.9; P0.01 respectively). In addition, rats per-
orming the Rev discrimination during the final stage took
ignificantly more trials and made more errors than rats
erforming the IDrep discrimination, (t(14)10.0; P0.01
nd t(14)7.5; P0.01, respectively) (Fig. 4a, b). Note that
n reaching criterion, rats performing the IDrep discrimi-
ation then carried on to complete an equal number of
rials to their yoked Rev animal.
Rats which underwent behavioral testing had signifi-
antly higher Fos-positive cell counts than behaviorally
aive cage-mate controls in all brain regions other than the
E. There were no differences in Fos-positive cell counts
etween rats which performed the Rev discrimination and
hose which performed the IDrep discrimination. Thus,
here was no evidence of specific activation caused by
eversal learning, relative to continuing to repeat the al-
eady-learned ID discrimination without a reversal of re-
ard contingencies. Overall, there was a significant effect
f behavioral group (cage control, Rev, or IDrep,
(2,21)11.6; P0.01, and a significant effect of brain re-
ion (F(6,126)31.0; P0.01) on Fos-positive cell counts.
here was also a significant behavioral groupbrain re-
ion interaction (F(12,126)2.4; P0.05). Analysis of simple
ain effects demonstrated that there was an effect of
ehavioral group on Fos positive counts in the mPFC
F(2,21)7.6; P0.01), ME (F(2,21)3.6; P0.05), IE
F(2,21)10.2; P0.01), PPC (F(2,21)7.0; P0.01),
Rh (F(2,21)4.0; P0.05) and OFC (F(2,21)5.5; P
.05), with no effect in the LE (F(2,21)3.1; P0.05). Dun-
an’s post hoc tests revealed that Fos-positive counts
ts which had completed either an ED or an intra-dimensional (ID3)
stain is Fos-like immunolabelling. Scale bars100 m.ere significantly greater following both Rev and IDrep
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K. E. Burnham et al. / Neuroscience 171 (2010) 485–495 491hifting compared with cage mate controls in the mPFC,
E, IE, PPC, PRh and OFC (all P0.05; Fig. 4c).
A targeted comparison of groups Rev and IDrep re-
ealed that there was no difference in Fos-positive cell
ounts between these two behavioral groups in any brain
egion. There was an effect of brain region (F(6,84)24.0;
0.01), but no effect of behavioral group (F(1,14)1;
0.7), and no behavioral group brain region interaction
F(6,84)1; P0.9). A focused comparision between mPFC
nd OFC, as conducted for Experiment 1, also failed to
eveal any significant differences in Fos-positive cells as a
unction of behavioral group (Rev or IDrep) (taskbrain
egion interaction: F(1,14)0.05, P0.83).
xperiment 3
s in Experiment 1, rats performing the ED shift discrimi-
ation during the final stage of Experiment 3 took signifi-
antly more trials and made significantly more errors than
oth groups of rats performing ID shift discriminations. One
ay ANOVAs revealed a significant effect of behavioral
roup on trials to criterion and errors during the final stage
ig. 4. The number of trials taken (a) and number of errors made (b) to
aradigm. Animals from each group performed identical discrimination
he final discrimination animals performed either a reversal (Rev) or a
n to complete the same number of trials as their yoked Rev animal. D
ifferent from IDrep (Student’s t-test). (c) The mean number of Fos-pos
rom experimentally naïve cage-mate controls, animals which had p
imensional shift (IDrep) in which the number of trials completed was y
ignificantly different from cage controls (Duncan’s test), other statistif the task (F(2,21)44.9; P0.01 and F(2,21)42.8; g0.01, respectively). Subsequent post hoc analysis re-
ealed a significant difference between the number of trials
o criterion and the number of errors made by rats perform-
ng an ED shift compared to those performing the ID shift
iscriminations (ID3 and IDY all P0.05, Duncan’s test;
ig. 5a, b). Note that on reaching criterion, rats performing
he IDY discrimination then carried on to complete an
qual number of trials to their yoked ED animal.
Overall, rats that performed more trials in the final
iscrimination test—groups ED and IDY—had higher Fos-
ositive cell counts relative to cage controls and rats that
erformed fewer trials in the final discrimination test (group
D3). Like Experiment 2, this finding is consistent with Fos
eing induced as a consequence of performing discrimi-
ation trials, rather than as a function of attentional de-
and. There was a significant effect of brain region
F(6,168)75.6 P0.01) and a significant effect of behav-
oral group (F(3,28)5.1 P0.01) on Fos-positive cell
ounts. However, there was no significant behavioral
roupbrain region interaction (F(18,168)1.3; P0.2).
urther pairwise analysis of the main effect of behavioral
criterion of six consecutive correct trials on the attentional set-shifting
out SD, CD and intra-dimensional shifts 1 and 2 (ID1 and ID2). During
ID2 (IDrep). Note that animals which completed the IDrep then went
xpressed as meanSEM, n8. * P0.05 and ** P0.01 significantly
counts per mm2 tissue in the mPFC, OFC, ME, IE, LE, PPC and PRh
a reversal (Rev), or animals which had performed a repeat intra-
the Rev animals. Data are expressed as meanSEM, n8. * P0.05
ailed in results section.reach a
s through
repeat of
ata are e
itive cell
erformedroup indicated that rats which had performed the ED and
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K. E. Burnham et al. / Neuroscience 171 (2010) 485–495492he IDY discriminations had significantly higher Fos-posi-
ive cell counts across all brain regions compared to cage-
ate controls (P0.05, Bonferroni). In contrast, those
hich had performed the ID shift but then stopped on
eaching criterion (group ID3) did not differ from cage-mate
ontrols (P0.5) (Fig. 5c). Planned comparisons based on
he outcome of Experiment 1 revealed significant differ-
nces in Fos-positive cells between groups ED and ID3 in
PFC (t(14)1.83, P0.044) and ME (t(14)1.75, P
.05), confirming that regional differences in Fos-LI that
ere seen in Experiment 1 were also observed in Exper-
ment 3. Importantly, similar analyses comparing ED and
DY did not reveal any significant differences (all P0.23).
ffect of number of trials completed on Fos protein
xpression
he pattern of the Fos-LI data suggested that the number
f Fos-positive cell counts increased as the number of
rials performed increased, irrespective of the type of trials
erformed. Therefore, the number of trials completed by
ats in Experiment 1 and Experiment 3 were plotted
gainst the Fos-positive cell counts from all brain regions.
ig. 5. The number of trials taken (a) and the number of errors ma
et-shifting paradigm. Animals from each group performed identical dis
D2). During the final discrimination animals performed either intra-dim
nimals went on to complete the same number of trials as their yoked
ignificantly different from ID3 and IDY (Duncan’s test). (c) The mean
E, PPC and PRh from experimentally naïve cage-mate controls, ani
hich had performed an intra-dimensional shift in which the number o
eanSEM, n8. * P0.05 significantly different from ID3 (t-test), oata from Experiment 2 were not included because the ixperimental design was not comparable to Experiments 1
nd 3. Specifically, stimuli in the Rev and IDrep discrimi-
ations were not novel, whereas the ED, ID3 and IDY
iscriminations involved new stimuli. A regression analysis
emonstrated a significant positive correlation between the
umber of trials the rats completed during the test discrim-
nation (irrespective of the type of trials performed) and
heir Fos-positive cell counts in the mPFC: (r0.348,
0.027; Fig. 6), but not in any other brain region (all
0.13, P0.42).
DISCUSSION
he aim of these experiments was to use IEG expression
o examine the neuroanatomical systems activated by at-
entional and affective shifts in the rat brain. To achieve
his aim, Fos-LI was used as a molecular marker of neural
ctivation in specific cortical regions of the rat following
ompletion of an attentional set-shifting paradigm which
ncluded ID shifts, ED shifts or reversals. Fos-LI increased
n the mPFC following ED shifting, relative to rats that
earned a new ID shift to criterion, as well as in medial and
reach a criterion of six consecutive correct trials on the attentional
ons throughout SD, CD and intra-dimensional shifts 1 and 2 (ID1 and
shifts (ID3 and IDY) or an ED. Note that upon completion of the IDY,
l. Data are expressed as meanSEM, n8. * P0.05 and ** P0.01
f Fos-positive cell counts per mm2 tissue in the mPFC, OFC, ME, IE,
ch had performed an ED, an intra-dimensional shift (ID3) or animals
mpleted was yoked to the ED animals (IDY). Data are expressed as
tics as detailed in results section.de (b) to
criminati
ensional
ED anima
number o
mals whintermediate divisions of the entorhinal cortex. This is con-
s
c
r
H
c
c
r
y
r
t
c
a
n
c
h
b
T
i
s
s
o
M
t
w
fi
n
r
w
s
T
s
(
a
i
m
t
d
g
u
a
v
a
t
c
t
t
p
S
c
(
e
p
t
i
g
v
c
fi
n
t
t
t
c
d
c
e
H
F
a
s
y
f
u
t
t
a
r
i
t
d
t
n
E
g
p
g
T
c
d
d
o
T
s
t
F
m
E
K. E. Burnham et al. / Neuroscience 171 (2010) 485–495 493istent with the finding that lesions of mPFC and entorhinal
ortex impair ED shifting and attentional set formation,
espectively (Birrell and Brown, 2000; Oswald et al., 2001).
owever, a subsequent experiment found that this in-
rease of Fos-LI in the ED shift condition could be ac-
ounted for by the increased number of trials that were
equired to reach criterion in this condition; rats that worked a
oked number of additional ID shift trials after reaching crite-
ion showed equivalent levels of Fos-LI in the mPFC to rats in
he ED shift condition. Indeed, the levels of Fos-LI in various
ortical regions following performance of ED shifts, ID shifts
nd reversal discriminations were more closely related to the
umber of trials the rats performed than any differences in the
ognitive demands of the discriminations.
In Experiment 1, rats which had completed an ED shift
ad significantly greater Fos-positive cell counts across all
rain regions than those which had completed an ID shift.
his effect was strongest in the mPFC and the medial and
ntermediate subregions of the entorhinal cortex, and was
ignificantly stronger in mPFC than in OFC. This is con-
istent with the effects of lesions of these two areas
n performance of ED shifts (Birrell and Brown, 2000;
cAlonan and Brown, 2003). Importantly, the design of the
ask was such that the two behavioral groups (ED and ID)
ere exactly matched for their previous history and for the
nal discrimination, in terms of motor activity and exposure to
ovel sensory stimuli, with the exception of a difference in the
equirement to shift attentional set in the ED group. There
as no indication that GABAergic cortical interneurons were
pecifically engaged by any aspect of the behavioral tasks.
his suggests that although dysfunction of the GABA-ergic
ystem may contribute to deficits in attentional set-shifting
Pratt et al., 2008), they are not activated to the same extent
s other cortical neurons in this type of behavioral task.
However, there was a limitation in the design of Exper-
ment 1, in that rats which performed the ED shift took
ore trials and made more errors before reaching criterion
han those performing the ID shift, resulting in a large
iscrepancy between the overall task activity of the two
ig. 6. Positive correlation between Fos-positive cell counts in the
PFC and number of trials completed during the test discrimination in
xperiments 1 and 3. n40. r0.348, P0.027.roups before determination of Fos-LI. Of course, this is cnavoidable given the difference in difficulty between ED
nd ID shifts, a feature of the discrimination paradigm that
alidates it as a test of attentional shifting. Therefore,
lthough it was possible that the increase in Fos-LI in rats
hat had performed ED shifts reflected cognitive demand, it
ould also have been related to task activity. As noted in
he introduction, this is a problem with other experiments
hat have compared gene expression after different
hases of the task (Glickstein et al., 2005; DeSteno and
chmauss, 2008). Other investigators have used control
onditions in which no discrimination learning was involved
Tait et al., 2009), which hardly seems appropriate to us
ither. Experiments 2 and 3 were designed to address the
ossibility that changes in gene expression were related to
ask activity instead of cognitive demand. In these exper-
ments, two further control groups were introduced: a
roup of behaviorally naive cage-mate control rats to pro-
ide an indication of basal Fos expression with minimal
ognitive activity, and a group of rats which performed the
nal ID shift but then went on to complete a comparable
umber of trials as the rats performing the test discrimina-
ion (ED or Rev), thereby being yoked in terms of overall
ask activity. It was not possible to also yoke the animals in
erms of the number of errors made, without introducing a
onfound in terms of omission of expected rewards.
In Experiment 2, rats which had performed the Rev
iscrimination had significantly higher Fos-positive cell
ounts in all brain regions examined except the lateral
ntorhinal cortex relative to untested cage-mate controls.
owever, there were no significant differences between
os-LI in rats which had performed the Rev discrimination
nd rats in the control condition that had repeated the ID
hift and completed the same number of trials as their
oked Rev partner. This behavioral control condition dif-
ered from that used in Experiment 1 because the reversal,
nlike the ED shift, uses stimuli that are already familiar to
he rat. Thus, even though the reversal was more difficult
han learning the discrimination initially, we did not observe
ny specific Fos activation associated with the discrimination
eversal. This unexpected result suggested that the increase
n Fos-LI might be more closely related to the number of trials
hat the rats had performed rather than the actual cognitive
emands of the trials.
Experiment 3 tested whether the increased number of
rials performed by rats during the ED shift, rather than the
ature of the task, explained the increase in Fos-LI seen in
xperiment 1. This experiment used an additional control
roup, group IDY, who received an ID shift in the final test
hase and then completed an equal number of trials as
roup ED, by yoking individual rats in the two groups.
hus, both groups ED and IDY encountered a novel dis-
rimination problem in the final test phase, but group IDY
id not have to engage an attentional shift to solve the
iscrimination efficiently. Equivalent levels of Fos-LI were
bserved in all areas measured in groups ED and IDY.
his is consistent with the finding from Experiment 2 and
uggests that Fos-LI is more related to behavioral activity
han to specific cognitive demands. Consistent with this
onclusion, there was a significant correlation between the
n
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K. E. Burnham et al. / Neuroscience 171 (2010) 485–495494umber of trials performed by each rat during the final
iscrimination (ED, IDY, or ID3) in Experiments 1 and 3,
nd Fos-positive cell counts in the mPFC. These data
ndicate that Fos-immunoreactivity in the mPFC is more
losely related to the number of trials rats performed than
he differing cognitive demands of the trials across discrim-
nations. The time course of Fos expression relative to
timulation is sufficiently gradual (e.g. Hughes and Dra-
unow, 1995) that it is difficult to account for our results in
erms of, for example, differential decay of Fos between
ur behavioral groups.
The importance of matching control conditions for all
ensory and motor aspects of a task has recently been
mphasized in a study examining the effect of spatial
earning in the Morris water-maze on IEG expression
Shires and Aggleton, 2008). These authors found no dif-
erence in hippocampal Fos-LI between rats that per-
ormed a hippocampal-dependent spatial learning task,
nd those that performed a hippocampal-independent pro-
edural control task. This result suggests that previous
tudies which have observed increases in IEG expression
n the hippocampus in response to spatial learning in a
ater-maze may not have been using appropriate controls
o determine changes in gene expression related specifi-
ally to learning (Guzowski et al., 2001; Teather et al.,
005). Consistent with this view, rats trained in brightness
iscrimination in a Y-maze showed very similar patterns of
-fos mRNA expression in the hippocampus and cerebral
ortex to rats that had experienced unpaired presentations
f the same sensory stimuli and reinforcers (Grimm and
ischmeyer, 1997). These considerations also suggest
hat differences in Egr-2 expression between mice trained
n set-shifting and comparison groups that foraged for
ood, without discrimination training, may not be specific to
ttentional demand (DeSteno and Schmauss, 2008).
Many cognitive components are involved in ED set-
hifting, such as recognition of both correct and incorrect
eedback, selection of a new dimension, response inhibi-
ion and retention of attentional set (Konishi et al., 1999).
owever, all but the selection of a new dimension are also
equired to some degree for ID shifting, making it very
ifficult to identify the neural substrates of increased cog-
itive demands imposed by ED set-shifting. The increase
n Fos expression observed in the present series of exper-
ments may reflect the volume of sensory input and pro-
essing involved in the attentional set-shifting paradigm,
ather than the outputs of specific brain regions and thus
heir necessity for the execution of ED set-shifting. The
ost striking observation in this regard was a significant
orrelation between the number of trials performed and
os-LI in mPFC, which was not found in any other brain
rea examined. This would be congruent with a role for the
FC, specifically dorsolateral PFC, in monitoring of sen-
ory stimuli that are currently behaviorally-relevant (Pet-
ides, 1998), a role which may be performed by the mPFC
n rats. In line with this theory, a recent study examining the
rajectories of simultaneously recorded mPFC neurons
uring a set-shifting task found that the mPFC continues to
aintain an online representation of a rule even once theule has been learnt and the information is no longer relevant
or responding (Durstewitz et al., 2010). This may reflect
ontinuous monitoring by the mPFC to detect potential rule
iolations and could account for the increase in Fos expres-
ion in the current study. Fos induction in this area may also
eflect the activation of memory processes for particular task
trategies or attentional sets (Rich and Shapiro, 2007), that
re continuously updated during task performance.
Fos expression is considered to be related to neuronal
ctivation rather than to synaptic plasticity per se (e.g.
lberini, 2009). This was our rationale for choosing Fos as
marker in this study—we were interested in mapping
euronal activation in response to demands on different
spects of executive function (affective and attentional
hifting) that have been associated with different regions of
FC. It is possible that differences in gene expression
ould be revealed with other IEGs, such as arc (Bramham
t al., 2008) that are more closely associated with synaptic
lasticity. We did not attempt to determine other genes or
ene products in this experiment because their time
ourse of expression is not consistent with determining
os, but this would be an interesting topic for future re-
earch. Importantly, our results suggest that behavioral
esting in advance of measuring gene expression should
ontrol for the number of trials animals are exposed to, in
ddition to the cognitive demands.
CONCLUSION
n contrast to the conclusions drawn from previous lesion
nd neuroimaging studies, the current data suggests that
he mPFC and other structures required for efficient atten-
ional shifting, like the entorhinal cortex, do not remain quies-
ent until a shift in attentional set is required. Neural activity in
hese structures, measured by an increase in Fos-LI, in-
reases during discrimination learning and performance even
hen shifts in attention are not required. Thus, we speculate
hat aberrant neural activity within the mPFC, as a conse-
uence of disrupted input from other cortical areas or abnor-
al neuromodulation of this area, may be more detrimental to
ehavior than the selective effects of mPFC ablation or inac-
ivation on attentional shifting might suggest.
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